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1 Introduction

The synthesis of inorganic nanostructured semicon-
ductor materials has fascinated researchers because
of their considerable physical/chemical properties,
which turn in recent years from their compared with
the bulk to the nanoscale range [1]. Due to their
versatile structures, semiconductor nanostructures
serve as one of the most powerful nanoscience plat-
forms today. Therefore, the design and synthetic
realization of complex oxide nanorods with pre-
dictable physical properties are of paramount
importance for advancing fundamental and applied
research in this area. Because of their particular
physical and chemical properties, group II-VI mate-
rials are considerably significant for all semiconduc-
tors. Vanadium is a transition metal that is
semiconducting and can form several oxides. The
type V,Os is the most stable at ambient temperature
and oxygen potential. It is a solid stoichiometric
oxide, where the oxidation state of vanadium is + 5.
In through the lowering partial pressure of O,,
vanadium’s valence varies significantly, allowing the
production of a family of stoichiometric oxides: V,Oy,
V305, V407, VO, VO,, and V,0; has recently been
found to be able to form several non-stoichiometric
oxygenated compounds [2] as well. In the material of
V505 is thus growing more likely to be researched
and for future applications used in industry such as
[3], Li+ battery cathodes [4], electrical and optical
switching devices [5], and solar cells [6], etc. Most
studies rely on the bottom-up synthesis of V,Os
nanoparticles by many techniques such as soft base,
hydrothermal, pulsed ablation of the laser, and so on
[7]. Wet chemical precipitation among these tech-
niques is a low cost, environmentally sustainable
approach to the processing of materials in different
nano-architectures. Although doping with various
metallic elements of the base metal oxide, for exam-
ple, noble metals and transition metal-based oxides
have also been proven effective for this scope.
Nonetheless, intrinsic semiconductors are commonly
studied in their doped form; with dopant aid [8, 9],
they can be easily modified owing to their physi-
cal/chemical characteristics. The crystal phase of the
nano-dimensional semiconductors still plays a critical
role. Without altering this, integrating the dopant ion
into these is known as one of the research’s key thrust
fields. Although the dopant ions have similar char-
acteristics, including charge, ionic radius, reactivity,
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and so on, compared to the host, efficient dopant
integration into the host lattice is minimal. Identify-
ing the optimal dopant concentration is thus of great
importance for achieving improved physical proper-
ties. Several authors have reported the effect of
transition metal ions into V,0Os lattices. [10-14]. In
this current study, Zr has been chosen as a dopant
source owing to the strong, precise, ductile transition
metal ion overwhelming physicochemical properties
compared to the other metals. The Zr material is
highly resistant to heat and oxidation, and it has been
used as a hardening mediator in steel alloys. It is also
being used to make various surgical equipment.
Moreover, it is expected that Zr doping into V,0s
may manipulate the defect environment in the host
material. In this work, systematic attempts were
made to synthesize nanoparticles of pure and Zr,.
V205 (x =1, 3, 5 and 7 wt%) with specific concen-
trations of dopants using the wet chemical
precipitation method. The microstructural, morpho-
logical, and electrical characteristics of prepared
samples were also studied in Zr doping. The n-Zr,.
V205/p-5i photodetector was prepared using a neb-
ulizer spray pyrolysis technique.

2 Experimental procedures

2.1 Pure and Zr,V,0s5 nanoparticles
preparations

Zr-doped V,0s5 samples with different doping levels
were prepared, as shown in Fig. 1, via the wet
chemical precipitation method. Experimental proce-
dure: Various concentrations of Zr modified V,0s5
nanoparticles and calcination method. In this process,
ammonium metavanadate (NH; VO3 (ACS
reagent, > 99.0%), zirconium nitrate (Zr (NOs),) (99%
purity), hydrogen peroxide (H,O,) (30% (w/v), sta-
bilized pure), polyvinylpyrrolidone k-30 (PVP)
(> 99.0% purity), and nitric acid (HNOjz;) (ACS
reagent, > 99.0%) were used as raw materials. The
required amount of 4.2 g NH,VO; and Zr (NOs),
were dissolved with deionized water to form a
solution at ambient temperature were magnetic stir-
rer, after 10 ml of H,O, was mixed in dropwise to the
solution to create an homogeneously in the solution.
During the process, the mixture of the solution is
attained a pale yellow color. Subsequently, a few
drops of HNO; are further added to the solution
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vigorous stirring until pH 7, the pale yellow color
solution turned into a dark orange color. After that,
the capping agent of PVP is mixed to the prepared
solution and stirred at 40-50 °C for 24 h. Then, the
obtained precipitate was filtered and rinsed few
times with DI water, and the obtained nanoparticles
were dried overnight at 60 °C. Finally, it is calcinated
at 600 °C for 1 h and attained yellow color ZrV,0O5
nanoparticles. A similar way was followed for the
formulation of pure V,05 without adding the zirco-
nium nitrate.

2.2 Possible growth mechanism of V,05
nanostructures

Various morphologies of the mechanism of formation
of V,05 nanoparticles are drawn, and their schematic
representation is shown in Fig. 2. The pure V,05
nanorods form a bundle shape nanorods arrange-
ment, as shown in the illustration. Petkov et al. [15]
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had previously suggested a novel approach for
explaining the routes of V,05.H,O nanofibers. Weijie
and his coworkers [16] have recently been narrating
the development of disorderly V,Os nanowires.
They, too, believed that this process would work well
with V,05 nanorods. As a result, the morphology of
V,05 nanorods can only be due to the impact of the
PVP capping agent. The monomers are adsorbed on
ideal planes during particle formation in this situa-
tion, changing the tumor kinetics. Moreover, the
nucleation stage may have retarded development in
all preferred directions to create morphology-shaped
nanorods. The regular [NH4VO;] was precipitated in
the natural solution and the simultaneous develop-
ment of [H2V10028]47 [17, 18] during the synthetic
phase. The simple corresponding chemical reactions
can be stated as follows Eq. (1-5) [19],
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Fig. 2 The schematic representation of various morphologies formation mechanisms of Zr,V,Os5

NH,VO; + 4H,0, — NH, [VO(0,),] + 4H,0 + O,
(1)
NH,[VO(0,),] + H" — H[VO(O,),] + NHf  (2)

10H [VO(O2)2] — [H2V10028]47 + 4H20 + 902 (3)
[HyV10008]* +4NH; — (NHy), 5V,0s - mH,O

+7pNHj (4)
(NHy)y sV20s - mH,0 25 V,05 + mH,0 + 1/2NH;
(5)

During the reaction, the [H2V10028]4_ ions collect in
the synthetic solution in the chains formed of the PVP
particles. As we learn, PVP is a kind of capping agent
that hydrophobics vinyl groups use in carbonyl
groups, which is the key to forming chains and their
micellular formation. During the nanorods, com-
plexes nucleate, depending on the accumulation of

the [H2V10028}4_ ions in the solution. PVP chains

form in the aqueous solution H,O,, as shown in
Eq. 3), at the initial phase of wet chemical treatment.
In this nanorod structure are collected of the

[H2V10028]4_ ions begin to grown alongside these
chains, and the novel 1-D nanorods are formed.
However, a small volume of Zr** ions produced on
V205 nanorods has modified growth rates and
resulted in long nanorods with a small number of
spherical and microdisk constructions. In the syn-
thetic phase of Zr-doped V,0s, the [NH,4VO;] was
rapid in the starting solution [H,O,] with [Zr(NOsly,
which is the concurrent production of [Zr(NO;ls. This
uniform precursor was essential for forming a fine
powder after heat treatment at 600 °C for 1 h. The
simple corresponding chemical reactions can be
given in Eq. (6),

2NH,VO; + [Zr(NO3),] 25 ZrV,05 + NH;

+ 33H,0 + 5NO, (6)

@ Springer



2936

The addition of a [Zr(NOs] 4 ions in the responses
scheme to exceeding Eq. (3) will change the kinetics
of the upcoming instrument, which is certified that
the count of PVP raises the crystallinity of the sam-
ples tested and modifies the invention’s morphology
as shown in Fig. 2.

2.3 Characterization technique

The as-prepared nanomaterial phase constitutions
are investigated by Bruker AXS D8 Advanced Dis-
covery X-ray diffractometer using CuK5-007 radia-
tion (= 1.5406 A) X-ray source. The surface and cross-
section microstructure analyses of Zr-doped V,Os
and pure materials are carried out using a scanning
electron microscopy (JSM-6390 LV, JEOL-Japan), also
equipped with energy-dispersive X-ray spectroscopy
(EDS). Raman spectrometer is collected with a
microscopic confocal Raman spectrometer (in via
RAMHR4800) with 437 nm laser lines as the source of
excitation. The surface properties and binding energy
of Zr-doped V,0s and pure are investigated using
X-ray photoelectron spectroscopy (XPS- SS5X-100)
with Al K, (anode hv = 1486.6 eV). The nanomateri-
als’ optical properties have been studied using UV-
visible spectrometry (Perkin Elmer Lambda 750,
USA). The photoluminescence studies are performed
with the Horiba Jobin Yuon Fluorolog instrument
model with a range of 185-900 nm. The produced
diode’s current-voltage characteristics have been
examined by a Keithley 6517 B meter in the dark and
by calibrating (illumination intensity of 100
mWcm ) solar simulator.

3 Results and discussion
3.1 Microstructural study

Figure 3a displays the crystal structure of as-synthe-
sized V,0s with various amounts of Zr-doped V,Os5
nanomaterials. The XRD pattern of the pure V,0Os and
without additives of Zr-doped V,Os reveals the
orthorhombic phase of V,Os ((JCPDS card No:
41-1426) and also observes no additional peaks which
imply the phase purity of V,Os. The X-ray diffraction
peaks presented at angles 20 are 15.83°, 20.76°, 25.03°,
26.65°, 31.49°, 34.83°, and 41.80° which correspond to
the planes (200), (001), (201), (110), (301), (310), and
(002), respectively. The most intense peak has
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appeared at (001) plane. Figure 3b reveals that the
predominant diffraction peak positions (001) and
(110) are shifted toward the left side due to increased
Zr concentration. We observe that the peak position
of various concentrations Zr-doped V,Os is slightly
shifted to a low-angle direction compared with pure
V,0s. It is identified that the high-intensity peak
position (001) and (110) in various concentrations of
Zr-doped V,0s varied from pure V,Os Thus, pro-
viding evidence that Zr** is highly incorporated into
the lattice of V,0Os. This attributes to the lattice
expansion owing to the ionic radius of Zr** (0.84 A),
which is more significant than that of pure V°*
(0.57 A). Furthermore, the full width at half maxi-
mum value of 7% Zr-doped V,0Os is greater than the
remaining percentage of 5, 3, and 1% Zr-doped V,0Os.
It reveals that the doping of Zr** can prevent the
growth of V,0s5 grains effectively. The average grain
size (D) has been estimated from the FWHM of the
peaks by the Scherrer’s equation (D = 0.894/ ficos0).
Figure 3b shows the diffraction peaks of (001),
(110), and (301) planes, and also estimated grain size
and lattice parameters are described in Table 1. The
lattice constant for the orthorhombic phase structure

1/dwg =

\/ W /a2 + K /b* + 2 /c2 where a, b, and c are lattice

parameters, also listed in Table 1. The change in lat-
tice parameters is observed due to Zr ions.

is  determined by the relation

3.2 SEM, EDS, and TEM analysis

Figure 4a—e displays SEM images of Zr-doped V,0s
with various amounts of dopants, along with pure
V,05 samples annealed for 1 h at 600 °C. As shown
in Fig. 4a, well-defined hexagonal V,Os nanorods
around 1 pm in length and other tightly packed one-
dimensional nanostructures are self-assembled. In
this regard, the morphology begins to change as zir-
conium nitrate is introduced as a doping chemical
into the solution. Most interestingly, the Zr-doped
V,05 nanostructures’ composition is gradually
transforming into V°* ions according to the molar
ratio of Zr** ions. The SEM analysis shows that
particle sizes decrease with the Zr*" increase from 1,
3,5 and 7%. As Zr*" ions are added to the V°*
solution, the number of nucleation sites on samples
increased, resulting in a higher degree of preferential
orientation, exposed to reduced grain levels,
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Fig. 3 a X-ray diffraction patterns of Zr,V,05 nanoparticles, b The Zr,V,05 deconvoluted XRD patterns

Table 1 Microstructural parameters of the prepared materials

Zr,V,0s (where 20 hkl  d- FWHM  Grain size Dislocation density ~Micro-strain  Lattice parameters (A)
x=0,1, 3, 5and 7%) (degree) spacing (degree) (D) nm (10'4 lines m_z) (¢)
A 2 —4 a b c
(nm) 107lin" " m
00 20.7631 001 4.27464 0.45970 18.3498 0.002969 0.197299 11.375 3.536 4.276
26.6500 110 3.34224 0.38510 22.1421 0.002039 0.163507
31.4935 310 2.83839 0.34870 24.7230 0.001636 0.146439
01 20.4275 001 4.34410 0.30920 27.2671 0.001345 0.132776 11.445 3.548 4.344
26.6000 110 3.34841 0.31260 27.2746 0.001344 0.132739
31.1906 301 2.86526 0.28800 29.9115 0.001177 0.121038
03 20.4312 001 4.34332 0.29460 28.6185 0.001265 0.126506 11.443 3.557 4.343
26.3365 110 3.38131 0.29070  29.3135 0.001164 0.123507
31.1718 301 2.86695 0.28190  30.0463 0.001107 0.120445
05 20.3793 001 4.35427 0.28820 29.2517 0.001169 0.123767 11.428 3.554 4.353
26.3387 110 3.38103 0.26220  32.4993 0.000946 0.111399
31.1228 301 2.87135 0.28020 30.7389 0.001058 0.111778
07 20.4664 001 4.33593 0.27590  30.5596 0.001071 0.118470 11.316 3.510 4.331
26.2648 110 3.39037 0.25900 32.8962 0.000924 0.110055
31.1972 301 2.86467 0.27990 30.7776 0.001055 0.117631

resulting in the presence of more compact, multi-
faceted nanostructures. At lower content of Zr, which
reveals the formation of spherical, octahedral,
spheres, plates and tetrapod with the appearance of

few nanorods on their surface. The presence of
nanorods can be due to Zr*" being integrated into the
crystal at the V>* sites. Notably, as the Zr concen-
tration decreases, the rising tetrapod is with
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Fig. 4 a—e The SEM images of a 0, b 1, ¢ 3, d 5, and e 7 wt% of Zr-doped V,05 nanoparticles

nanorods. The observed agglomeration of nanopar-
ticles could be attributed to the attractive forces
between nanoparticles associated with the ratio of
surface area to volume increased. The SEM micro-
graphs also clearly demonstrate that the morphology
on Zr doping is shifting from nanorods to tetrapods.

Nonetheless, a potential explanation for the mor-
phology transformation of V,Os from nanorods to
tetrapod’s on Zr doping is that doping of different
elements shows a significant part in altering the
nanostructure measurements. However, the V,0s5
nanorods are formed in a continuous 1-D branching
and subsequent 2-D interspace filling phase and their
V,05 semiconductor classification. It is characteristic
that polar surfaces can induce asymmetric growth,
resulting in the development of specific nanostruc-
tures. EDS research revealed that in the case of Zr-
doped V,O5 powders, all samples possess only as just
elements V, O, and Zr. The atomic percentage com-
position results were extracted with EDS and are
reported as shown in Fig. 5 inset table, where it can

@ Springer

be appreciated that the Zr/(Zr + V°*) ratio is quite
similar to the stoichiometry of the doping fraction as
expected for each sample. The morphological evalu-
ation of studied samples was also investigated by
TEM analysis. The bright-field micrographs of TEM
and HR-TEM of a descriptive set of the studied
samples, as well as inset SAED pattern, are shown in
Fig. 6a—e. In Fig. 6a, the sample for undoable V,Os
consists of single crystalline nanoparticles that can
nearly be monodispersed by acidifying nitric acid-
related particles suspension, which is attributed to
the double-layer repulsion phenomenon and is con-
sidered responsible for the durability of colloidal
systems [20, 21]. Therefore, a large number of small
dispersed crystals are included in the sampling; the
SAED images consist of well-structured continuous
light diffraction bowls that can be counted, following
XRD overhead reflection from the inside to the out-
side of the (001), (110), (200), and (301) orthorhombic
V5,05 planes. For the Zr-doped samples, similar
microstructures were observed, as seen in Fig. 6b—e.



] Mater Sci: Mater Electron (2022) 33:2932-2948

2939

Chedax3Z\genesisigenmaps.spe 22-Aug 2|

2.8

2.2

1.7

KCnt

Element Wt%
OK 32.33 60.33
VK 67.67 39.67
Matrix Correction | ZAF

O]
A b

f Y T T T T T T T T T T T T T T
2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00 20.00 22.00 24.00 26.00 28.00 30.00 32.00
Energy - keV

Cledax3z\genesis\genmaps.spe 23-M

| Element Wt% At%

Cledax3Z\genesis\genmaps.spc 23-May7] Element W% At%

OK s P OK 31.76 60.90
. — 1 K 60.73 36.58

VK 66.06 38.62 5 2 z
o Matrix | Comection | ZAF | [ Maniy | Correction | ZAF
0.8 0.7 -
0.4 0.3 -

0 v
W e WL .
) 0.00 Z.‘On IJOO 6.r0l) 8.00 |6.00 1%.00 1“.00 |é.00 1&.00 Z(II.DD ) 0.00 Z.IOO ‘.‘00 G.IOU .I |l|].00 |i.0n 1".00 1“5.00 1&.00 2").00 2
Energy - keV Enorgy - keV

c\edax32\genesis\genmaps.spc 23-Ma Ekmﬂlt Wto/a Ataé

a 0K 25.68 54.19

2.4

c:\edax32\genesis\genmaps.spc 23-May-2| Element Wta/a Ataﬁ

OK 23.28 51.16
VK 62.52 41.44 VK 63.18 43.61
14 4 19 - -
ZrK 11.80 04.37 ZrK 13.55 05.22
" . . . Y . L y
Matrix | Correction | ZAF i vhond Lmsaall
1.1 14
KCnt KCnt
0.7 1.0
04 0.5 -
] L
2 1 - ¥ It 3 " l yie
1 f Y Y T T T T T T 0.0 T f 1 T T T T T T T
0.00 2.00 4.00 6.00 8.00 1000 1200 1400 1600 18.00  20.00 0.00 2.00 4.00 6.00 8.00 1000 1200 1400 1600 1800  20.00
Energy - keV Energy - keV

Fig. 5 a—e The EDS spectraofa 0, b 1, ¢ 3, d 5, and e 7 wt% of Zr-doped V,05 nanoparticles

Examination of the TEM and HR-TEM results reveals
that Zr-doped materials exhibit identical spheroidal-
like morphologies as observed for the V,0Os, with
particle sizes still adopting a lognormal distribution
of mean values from 3.59 & 0.71 nm to 4.06 £ 0.96.
Likewise, the crystalline planes can be observed, and
we have their interplanar distances from the radius of
electron diffraction spots shown at the SAED. The

lengths obtained (see Table 1) are entirely consistent
with V,05’s orthorhombic structure, demonstrating
again that unnecessary phases are not separated
during the synthesis of nanoparticles.

3.3 Raman spectroscopy

The Raman scattering was also performed for the
crystal symmetry, structural defects, and vibrational
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Fig. 6 a—e The TEM images ofa 0, b 1, ¢ 3, d 5, and e 7 wt% of Zr-doped V,05 nanoparticles

properties of the studied samples, and the typical
Raman room temperature spectrum of V,0Os and Zr-
doped V,0s5 samples with various concentrations is
shown in Fig. 7a. All of the examined samples were
exhibited in the characteristic orthorhombic struc-
tured V,0s Raman spectra [22]. The Raman mode’s
external lower frequency range at 146 and 191 cm ™"
corresponds to the relative motions of V,Os layers
concerning each other [23]. Such peaks are appeared
at 146 cm™' and 191 cm™' , are closely correlated
with the layered system, and occur only when
structural order is extended. The layer-like structure
of V5,05 is observed outside the skeleton bent mode
based at 147 cm ™' [24]. The V=OV bonds’ bending
vibration owing to the vibration bending of the O;—
V-O, bond (A; and B,; modes) is allocated for both
peaks in this range, which are 283 and 404 cm™". The
band located at 406 was indicated to the bending of
the V-O4~V bond (Ag mode), the stretching of the V-
O4 bond (Ag; mode), and the stretching vibration of
V-O, bond (By; and Bsg; mode), respectively. The
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Fig. 7 The room temperature Raman spectra of pure and Zr-
doped V,0Os5 nanoparticles

triply coordinated oxygen (V3-Oc) stretching mode,
which results from edged-shared oxygen atoms
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common to three pyramids, is assigned to the peak at
529 cm™'. The band on 689 cm™' is owing to vana-
dium atoms’ coordination with the three oxygen
atoms [25]. The doubly coordinated oxygen (V>—Og)
stretching mode, which results from corner-shared
oxygen common to two pyramids, is attributed to the
peak at 767 cm ™. The band at 989 cm ™", on the other
hand, is further evidence of the presence of a V,O5
layer structure, which corresponds to vanadium
bound to an unshared oxygen atom (V=0). Based on
the above findings, the Zr,V,O Raman spectrum
displays the usual orthorhombic V,05 V-O vibration.
Furthermore, the Zr-O-doped samples, which could
be caused by doping Zr into V°* grids, do neither
reveal Raman bands that correspond to the Zr-O
vibration. Further, the obtained peaks shifted slightly
toward higher values of the wavenumber, and the
small shift suggests that the Zr incorporation of V,O5
lattice.

3.4 XPS study

The electronic/chemical states of pure and Zr,V,05
(x = 7%) samples on the compositional elements were
also carried out in the XPS analysis, and the charac-
teristic spectra are revealed in Fig. 8a—d. The survey
spectra of the prepared materials and index peaks
studied in Fig. 8a are similar to those for the V, O, Zr,
and C elements, where the binding energies are
measured by taking the carbon Cls peak (284.6 eV)
shown in Fig. 8b. The result of the deconvolution
spectrum for V,0s5 (Fig. 8c) displays that the doublet
spectral lines of V2p are detected at the binding
energy of 524.47 eV (V2p;,,) and 517.04 eV (V2p3,2),
which are specific to V> oxidation states and con-
firms the formation of V,Os [26]. Additionally, the
Zr,\V,0s (x =7%) sample exhibit that the peak
appeared at 183 and 185 eV is situated with the BE of
Zr3ds,, and Zr3ds,, respectively, as shown in
Fig. 8d, representing the peaks of Zr** ions [27]. The
figure also states that the O 1s value is not entirely
symmetric (Fig. 8d). The Ols unit, however, is divi-
ded into two parts. The O*~ condition is correlated to
the terminal oxygen (=O) and the linkage oxygen (-
O-). This peak-fitted, which around to be 533 eV is
believed to approach from the various sources and it
perhaps comes from originating OH groups or since
the ambient humidity. Also, O?~ ions in the V,0s
orthorhombic structure are given the dominant
summit at 530.1 & 0.2 eV (Oa). At the height of
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531.2 £ 0.2 eV (Op), the media binding energy por-
tion is due to the lost O~ ions inside the Matrix V,Os
in oxygen-deficient areas (oxygen vacancies). The
amount of oxygen bonded to the V°* (O,) can be
calculated using the area ratio of [0,/(0p,.0,)],
which is 22.4% for the Zr,V,Os where x = 7%; it
should be noticed and maybe that there are a lot of
oxygen vacancies in Zr,V,0s samples.

3.5 Optical properties

By evaluating their diffuse reflectance R at ambient
temperature, the studied samples’ optical character-
ization was performed. Figure 9a presents the dif-
fused reflectance plots for undoped and Zr-doped
V505 samples, and it is clear that the substation of Zr
dopants into the host V,0s5 leads to the increase of the
diffused reflectance.

The optical bandgap (E;) energies of the investi-
gated samples were estimated by plotting the func-

tion fyy = (Frmhv)?vs. hv(Taucplot), where ‘i’ stands
for Planck’s constant and v stands for the radiation
frequency and extrapolating the linear portion of the
curve to zero absorption. The plots of (hv)* vs. hv for
all the studied samples, as shown in Fig. 9b, and the
bandgap have been obtained by extrapolating the
straight-line portion of the («hv)*> vs hv graph.
According to Tauc’s plot, the estimated values of Eg
for pure and Zr,V,0s are about 2.20, 2.38, 2.34, 2.30,
and 2.26 eV, respectively. The undoped V205 sam-
ple’s optical bandgap was measured to be 2.20 eV,
which is 0.12 eV blue-shifted compared to the bulk
value of V,05 (2.65 eV). They may notice while this
blue shift could be obtained by the phenomena of
quantitative containment linked to the nanosized
crystallite samples [28]. In Fig. 9b, it could be shown
that the Zr incorporation causes a significant decrease
in bandgap when compared to the pure V,05 sample,
which indicates the presence of defects in atomic
structure disorder in V°* during Zr*" doping.

3.6 Photoluminescence

Figure 10a shows PL spectra of pure samples and
Zr, V5,05 samples were examined at room tempera-
ture with specific dopant concentration Zr. One peak
is at 418 nm (2.96 eV), followed by an extreme blue
emission at 440 nm (2.81 eV) and a significant visible
emission at 549.2 nm (2.26 eV). It is possible to note
that Zr-doped samples’ emission spectra were
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nanoparticles

extended with three dominant maximums spanning
the entire visible region. The UV and visible peaks in
V,05’s PL spectrum are well known [29]. The exciton
recombination corresponding to the near-band edge
excitation emission of the small bandgap V,Os,
namely the recombination of free and excited by an
excision collision mechanism, can be induced by
defects such as the interface of a trap at the grain
boundaries. It originates from the exciton recombi-
nation corresponding to the near-band edge excita-
tion emission of the broad bandgap V,Os. The self-
trapped excitons’ radiative recombination loop

@ Springer

arising from the excited charge-transfer state of the
V,0s5 species can be traced to the blue-green emission
band centered at 453 nm. They also blamed the
samples’ high density of surface defects, such as
oxygen vacancies, vanadium vacancies, oxygen
interstitials, and vanadium interstitials, on the high
density of surface defects. This indicates that the
electron is migrating from the ionized oxygen
vacancies to the valance band point. Because of the
recombined emission of the lowest split-off V 34 band
to the O 2p valance band, the high visible emission
peak is at 550 nm [30]. The Zr**-doped V°* lattice’s
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emission wavelengths do not vary with changing
Zr4 + ions’ impurity, but the doped samples’ relative
intensities are varied. For the concentration of 1% at
Zr*", the relative fluorescence intensity is highest and
nearly twice that of the undoped sample. This could
lower the surface-to-volume ratio, resulting in fewer
surface defects as doping concentrations decreased.
Furthermore, an increase in Zr4 + concentration
reduces the strength of PL pollution by 3, 5, and 7%,
respectively. In the samples currently being analyzed,

this decrease in PL strength may be caused by vari-
ous non-radiative recombination processes [31].

3.7 Fabrication and characterization of n-
Zr,V,05/p-Si diodes

The device configuration for making diodes is shown
in Fig. 11. The semiconductor used in this investiga-
tion was single-crystal silicon p-type with 600 pm
thickness and 5-10 Qcm resistivity. Firstly, the sili-
cone p-type single crystal has been cleaned. The
wafer was etched by HF to remove the native oxide
on the p-Si surface and then rinsed for 10-15 min in
deionized water using an ultrasonic bath and finally
washed chemically using a method on successive
baths of methanol and acetone. After the cleaning
process, pure and doped samples in colloidal form
were coated on p-type silicon by the nebulizer spray
coating method. The films were then dried on a hot
plate at 150 °C for 10 min to evaporate the solvent
and eliminate organic residues. The ohmic contact
was prepared to apply the front and back surface of
the p-Si wafer with high purity of Ag paste, and then,
it is annealed for 5 min at 90 °C.

Figure 11 shows dark and illumination i-v char-
acteristics at atmospheric temperature of n-V,Os/p-Si
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Fig. 11 The schematic representation of n-Zr,V,0s/p-Si diode

and n-Zr,V,0s/p-Si junction diodes. All I-V ele-
ments in the figure show the asymmetrical and not
ohmic activity in the dark condition. The increase in
the forward current is caused by the change in
lighting conditions for photogenerated carriers. As a
result, when the diodes are illuminated at a given
applied voltage, the reverse current is higher than
when they are dark. This is one that you might use.
Due to the photo-excitation of the charging carriers
from the valance band, the voltage dependency of the
reverse current can be attributed to a defect-per-
turbed host state (V). After illumination of a diode,
electron-hole pairs are formed in the depletion
region due to photon absorption with greater photo-
energy than the bandgap of semiconducting materi-
als. This roll progression leads to photocurrent pro-
duction alongside the reverse bias-direction. It is
found that the pure and doped diodes demonstrate
the well-rectifying activity with lighting. The forward
current reaction of n-Zr,V,0s/p-5i diodes concerning
Zr** concentration is depicted in Fig. 12a—e. As a
result, the increase in forward current with Zr**
dopant is due to an increase in carrier concentration,
which results in the energy band bending and a
narrowing of the depletion field. The forward- and
reverse-biased semi-log (J-V) characteristics of the
diodes developed in dark conditions are shown in
Fig. 12f-h. The |-V curves typically provide details
about the junction properties such as the correction
ratio (RR), the series and shunt resistances (Ry and
R4, the reverse saturation current (I;), and the factor
of ideality (n). Additionally, the |-V characteristics
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were used to investigate the diodes’ conduction
mechanism. Indeed, the J-V curve’s exponential
manner depends on the property characteristic of the
active materials used for the diodes. In the expo-
nential region, the slope of the |-V features depends
on two main parameters, that is, factor ideality (n)
and reverse current saturation (I;). The ideality aspect
depicts the recombination mechanism that gives form
to the system and its interfaces. The saturation cur-
rent, which in reverse bias provides the number of
charges that may rise above the energetic barrier, is
the second parameter that changes the exponential
portion of |-V characteristics. The current-voltage
dependency of the applied voltage junction according
to thermionic emission can be written as [32-35],

_ avy _ T

I=1 [exp (nKT> 1} (V > 3ky /q) (7)
The I is stated as the Eq. (8),

I, = AA % TZexp( %) (8)

where A, A, and ®p denote the diode area,
Richardson constant, and zero-bias barrier height.
The ideality factor (1) can be determined during
forwarding bias In (I)-V plot from the straight-line
region of the slope and can be written as Eq. (9)
[35-37],

qg dv

"= KTd(nD) ®)
®g is determined by the following Eq. (10),
2
(I)B:gln<AA*T> (10)
q Io

The current intercept axis is used to measure the
barrier height (®p) and ideality factor (1) and the liner
area slope of the forward-biased semi-log |-V curve
and its respective values, which are described in
Table 2. Individually, the n-Zr,V,Os/p-S5i diodes
have lower ideality factor and barrier height values
than the n-V,05/p-Si diode. The resulting currents in
these diodes are due to recombination and diffusion.
The decrease in the element of ideality can be traced
to the enhanced interface state of the doped diodes
[38-40]. In addition, the V°* lattice with Zr** ions
reduces the number of oxygen vacancies. It results in
a lower density of free carriers, which ultimately
raises the height of interface barriers. Additionally,
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Fig. 12 a—e [-V characteristics of n-Zr,V,0s/p-Si diodes at the
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Norde used the following equations to determine the _ BV Vs
device’s barrier height (dp) and sequence resistance. ¢p = F(Vs) y
Vo kT [ I(V) KT(y —
_ Vo A 71

characteristics of n-Zr, V,0s/p-Si diodes, g F(V) vs V plots of pure
and n-Zr, V,0s/p-Si diodes, and h The time-resolved photocurrent
of the n-Zr,V,0s/p-Si diodes

(12)

(13)
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Table 2 Electrical parameter of the developed device

] Mater Sci: Mater Electron (2022) 33:2932-2948

Zr,V,0s (where x =1, 3, 5 Band gap energy

Ideality factor

Barrier height (Og) Saturation current (I;) Norde function

and 7%) V) (n) (V) (HA)

(DB Rs

V) k Q)
00 2.20 3.3949 0.4243 3.09 x 107° 0.4073 8.45 x 107
01 2.38 4.5943 0.3974 8.65 x 107° 0.3647 3.02 x 107
03 2.34 5.3266 0.4159 426 x 107 0.3898 6.13 x 107
05 2.30 5.6609 0.4225 331 x 107 0.4174 7.89 x 107
07 2.26 5.8043 0.4483 123 x 107 0.4641 2.12 x 10°

where I(V) is the current value obtained from the I-V
curve and v is the first integer (dimensionless) greater
than the ideality factor of the diode. F(V,) is the
minimum point of F(V) and V, is the corresponding
voltage. F(V) vs. V plots for undoped and n-Zr,V,0s/
p-Si diodes are shown in Fig. 12g, and the approxi-
mate values for both are described in Table 2. In this
case, the difference between Norde and -V values is
noticeable. This is because high series resistance from
the regular -V plot might prevent the barrier
heights’ accurate evolution. A well-known technique
for studying the transport system is time-dependent
transient photocurrent measurements. Before the
procedure, the system was kept in the dark for
15 min to keep the current at a steady application
potential. After the stabilization time, the current is
determined in the following sequence: 30 s in the
dark, 30 s in the light. The junction diode’s photo-
sensing stability is performed regularly by the num-
ber of cycles by ON and OFF the lighting. Figure 12h
shows the time-resolved photocurrent of the diodes
produced. Since the photogenerated carriers are
trapped at the bandgap states, the dark current is
reduced due to thermal de-trapping of the trapped
carriers. The current also returns to its original state
due to the charging carriers’ trapping in the dark at
the deep depths. In addition, as the volume of Zr*"
content increases, the number of photocurrent
increases compared to the undoped n-V,Os/p-Si
diode. As a result, photodiodes with varying
amounts of Zr*" are found to have a photoconduc-
tion action.

@ Springer

4 Conclusion

In summary, a series of Zr4 +- doped vanadium
pentoxide nanorods were obtained using ammonium
metavanadate as source material, using a one-step
wet precipitation process. Zr-dopant increases crys-
tallinity and homogeneity without impacting the host
lattice V" main orthorhombic structure. SEM / TEM
analyzes portray homogeneous nanorods for
undoped V205 and their transition of surface mor-
phology from nanorods to Zr-doping tetrapods. HR-
TEM with SAED pattern exposing the single crys-
talline structure of V,O5 nanorods measured in (001)
direction with a fringe width of ~ 0.43 nm. Raman
and X-ray photoelectron spectroscopy tests show and
examine that Zr's doping dimension has a lot of
oxygen vacancies in the samples. Zr substitution
allows the band difference to decrease considerably
as compared to the pure V,Os sample. The PL
amplitude for the undoped V,0Os5 sample was found
to be optimal, and Zr doping caused luminescence
quenching. The electrical properties of the n-Zr:V,.
Os/p-Si diode improved with increased Zr content
due to increased charge carrier concentration and
decreased defect condition in the V,0s5 nanorods, as
shown by the -V characteristics and diode efficiency
assessment. Also, we fabricated n-Zr,V,0s/p-Si
designs that are considered future esteemed candi-
dates for photoresponse activities. When devaluing
the effect of Zr doping on the optoelectrical charac-
teristics of the V,Os nanorods, this finding can be
refined and used as an appropriate candidate for the
optoelectronic device application.
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